















Published for SISSA by Springer
Received: September 29, 2016
Revised: November 24, 2016
Accepted: November 29, 2016
Published: December 12, 2016
Exclusive weak radiative Higgs decays in the standard
model and beyond
Stefan Alte,a Matthias Koniga and Matthias Neuberta;b
aPRISMA Cluster of Excellence & Mainz Institute for Theoretical Physics,
Johannes Gutenberg University,
55099 Mainz, Germany
bDepartment of Physics, LEPP, Cornell University,
Ithaca, NY 14853, U.S.A.
E-mail: stalte@uni-mainz.de, m.koenig@uni-mainz.de,
matthias.neubert@uni-mainz.de
Abstract: We perform a detailed study of the exclusive Higgs decays h ! MZ and
h ! MW , where M is a pseudoscalar or vector meson, using the QCD factorization
approach. We allow for the presence of new-physics eects in the form of modied Higgs
couplings to gauge bosons and fermions, including the possibility of avor-changing Higgs
couplings. We show that the decays h ! V Z exhibit a strong sensitivity to the eective
CP-even and CP-odd hZ couplings. When combined with a measurement of the h! Z
decay rate, this can be used to extract these couplings up to a sign ambiguity in the CP-odd
coecient. Some of the h ! MW decay modes can be used to probe for avor-violating
Higgs couplings involving the top quark.
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1 Introduction
After the discovery of the Higgs boson [1, 2], many questions regarding its properties remain
unanswered. In the Standard Model (SM), the Higgs boson couples to fermions through
Yukawa interactions, which after electroweak symmetry breaking generate the fermion
masses. These masses, which exhibit a large hierarchy spanning many orders of magnitude,
enter as input parameters in the SM Lagrangian, and the question whether their hierarchy
follows a more fundamental pattern remains open. The fermion mass matrix is aligned with
the Yukawa couplings, and as a result the Higgs couplings are avor-diagonal in the physical
basis. Models beyond the SM exist, in which the Higgs couplings to fermions are changed
in a non-trivial way, potentially leading to sizeable deviations from the SM predictions
and allowing for avor-changing and CP-violating Higgs interactions. Additionally, heavy
new particles can induce non-standard Higgs couplings to gauge bosons. At present, the
loop-induced hZ couplings are least constrained by experimental data. It is of paramount
importance to probe these couplings in any way conceivable.
In this work we advocate the use of the exclusive weak radiative Higgs-boson decays
h!MV , where M denotes a meson and V = Z;W an electroweak gauge boson, as probes
for non-standard Higgs couplings. The case V =  has already been studied in great detail
in [3{7]. The corresponding decay amplitudes receive contributions from two types of de-
cay topologies, which interfere destructively: the \direct contributions", which involve the
coupling of the Higgs boson to the quarks forming the meson, and the \indirect contribu-

















through a local matrix element. The direct amplitudes can be evaluated in the framework
of the QCD factorization approach [8{12], in which the large separation between the hard
scattering scale mh and the hadronic scale QCD yields to a factorization of the amplitudes
into convolutions of hard functions with light-cone distribution amplitudes (LCDAs) for the
meson M . While the hard function can be calculated in perturbation theory, the LCDAs
encode the physics at the hadronic scale and have to be extracted from non-perturbative
methods such as lattice gauge theory or QCD sum rules. For mesons containing heavy
quarks, insight into the structure of the LCDAs can be obtained using heavy-quark eec-
tive theories such as NRQCD and HQET. The QCD factorization formula can be derived
elegantly using soft-collinear eective theory [13{16], as has been demonstrated in [17, 18].
The interplay between direct and indirect contributions gives rise to a strong sensitiv-
ity of the h!M decay rates on the quark Yukawa couplings. While it is challenging to
reconstruct these rare decays at the LHC [19], it should be possible to signicantly improve
existing searches [20{22] in the high-luminosity phase at the LHC. The aim of the present
work is to investigate whether such an interference pattern persists in the case of the weak
radiative decays h ! MZ and h ! MW , and what other possibilities of probing new-
physics eects open up in these modes. Some of these modes have already been explored
in the literature. The authors of [3, 23] have discussed the indirect contributions to the
h!MZ and h!MW decay amplitudes induced by the hZZ and hWW vertices. They
have missed the indirect contributions involving the eective hZ vertex, which turn out
to give the dominant eects for h! V Z decay modes containing a light nal-state vector
meson. We also extend their work in an important way by performing a careful treatment
of the avor-specic decay constants of neutral mesons, and by evaluating the direct con-
tributions to the amplitudes and studying to which extent these are suppressed. In [24]
and [25] the decays h! J= Z and h! (1S)Z into heavy quarkonia have been analyzed
including the indirect contributions involving both the hZZ and hZ vertices. The second
paper also provides an estimate of the direct contributions based on the non-relativistic
approximation. The sign of the interference term of the two indirect contributions found by
these authors appears to be opposite to the one we obtain, and as a result their branching
ratios are typically about 40% larger than our values. The authors of [5] have very briey
discussed the sensitivity of the h! BW decay rate to the avor-changing Higgs couplings
to top and up quarks. Our detailed analysis does not fully conrm the result presented in
this paper.
In our analysis we assume SM couplings for all particles other than the Higgs boson.
For the Higgs interactions with SM particles, we use the phenomenological Lagrangian































where sW  sin W and cW  cos W are the sine and cosine of the weak mixing angle.
Here Yf are complex 3 3 matrices in generation space. We normalize the avor-diagonal



























Figure 1. Leading-order diagrams contributing to the decays h ! MZ. The crossed circle in
the last graph denotes contributions from one-loop SM diagrams to h ! Z as well as tree-level
eective vertices. This last graph only contributes if M = V?.
parameters fi and ~fi via





For notational convenience, we will use the name of a given fermion instead of the label fi
whenever possible. For the avor o-diagonal Higgs couplings to quarks with qi; qj 6= t, the
global analysis of indirect constraints performed in [26] gives j(Yq)ij j < 10 5 10 3. These
couplings are so small that they will play no role in our analysis. The avor-changing
couplings to top quarks are constrained by LHC measurements of the branching ratios
Br(t ! qh), where q = c; u. The most up-to-date bounds have been determined in [27],
yielding (at 95% condence level)q
jYtcj2 + jYctj2 < 0:18 ;
q
jYtuj2 + jYutj2 < 0:17 (1.3)
at the scale  = mh. For an integrated luminosity of 3000 fb
 1 at
p
s = 14 TeV, the bounds
are expected to improve to 0.04 in both cases [28].
2 Weak radiative hadronic decays h!MZ
The decays h ! MZ are interesting by the fact that the massive nal-state gauge boson
can be in a longitudinal polarization state. As a consequence, both pseudoscalar and
vector mesons can be produced, whereas in the case of h!M decays M could only be a
(transversely polarized) vector meson [5{7]. The relevant Feynman diagrams for the decays
h!MZ are depicted in gure 1. The rst two graphs show the direct contributions to the
decay amplitude at the leading order. In these diagrams, the Higgs boson couples to the
quark and anti-quark pair from which the meson is formed. The indirect contributions to
the decay amplitude are shown by the last two diagrams, in which the Higgs boson decays
into a ZZ or Z boson pair followed by the decay of the o-shell boson into the nal-state
meson. While the hZZ vertex exists at tree level, the hZ vertex is induced at one-loop
order in the SM. Possible new-physics contributions to this vertex are parameterized by
the operators hFZ
 and hF ~Z
 in the eective Lagrangian (1.1). We include both

















2.1 Form factor decomposition
The most general parameterization of the decay amplitudes into pseudoscalar mesons can
be written as
iA(h! PZ) = 2g
cW v
k  "Z FPZ ; (2.1)
where k denotes the meson momentum. The Z boson is longitudinally polarized. The most
general parameterization of the decay amplitudes into vector mesons can be chosen as


























k  q q


; "?V = "

V   "kV (2.3)
are the longitudinal and transverse polarization vectors of the vector meson, and analogous
expressions (with mV ! mZ and k $ q) apply for the polarization vectors of the Z boson.
The decay rates are found to be




3=2(1; rZ ; rP )
FPZ2 ;




1=2(1; rZ ; rV ) (1  rZ   rV )2 (2.4)

F V Zk 2 + 8rV rZ(1  rZ   rV )2
F V Z? 2 +  eF V Z? 2 ;





h. Notice that the decay rates into transversely polarized vector mesons are
suppressed, relative to the other rates, by a factor rV . The mass ratios rP and rV are very
small for all mesons considered in this work; however, it turns out that the contribution of
the transverse polarization states to the h ! V Z rates are signicant, especially for light
vector mesons. We will thus keep the dependence on all masses in our analysis.
The form factors in (2.4) contain the direct and indirect contributions. We start with
the indirect contributions, since they are found to give rise to the dominant eects. They
involve hadronic matrix elements of local currents and hence can be calculated to all orders




f qP aq ;









1  rZ   rV
X
q
f qV Qq ;





f qV vq + CZ
(mV )
4




f qV Qq ;


















where vq = T
q
3 =2 Qqs2W and aq = T q3 =2 are the vector and axial-vector couplings of the Z
boson to the quark q. The avor-specic decay constants f qP and f
q
V are dened in terms
of the local matrix elements
hP (k)j q 5 q j0i =  if qP k ; hV (k; ")j q q j0i =  if qV mV " ; (2.6)
with q = u; d; s; : : : . These quantities arise because avor-diagonal neutral mesons must
in general be described as superpositions of valence quark-antiquark states with dierent













Af (l; rZ)  W
2
AZW (W ; rZ) + Z ;
eCZ = X
q
~qNcQqvq Bf (q; rZ) +
X
l
~lQlvlBf (l; rZ) + ~Z : (2.7)
The loop functions Af , A
Z
W and Bf are given in appendix D of [7]. Note that Af and Bf are
strongly suppressed for all fermions except the top quark. QCD corrections to the h! Z
amplitude were calculated in [30] and found to be very small, about 0.1%. To evaluate
these expressions we use the running quark masses evaluated at the hard scale hZ = (m
2
h 
m2Z)=mh  58:6 GeV, corresponding to twice the energy of the meson M in the rest frame
of the decaying Higgs boson, in the limit where the meson mass is neglected. We use the
running quark masses at next-to-next-to-leading order (NNLO) in the MS scheme, starting
from the low-energy values given in [31]. This yields mb(hZ) = 2:98 GeV, mc(hZ) =
664 MeV, ms(hZ) = 56:4 MeV, md(hZ) = 2:84 MeV and mu(hZ) = 1:30 MeV. For the
top quark we use the pole mass mt = 173:34 GeV. Numerically, we obtain
CZ = Z   2:53W + 0:135t   (1:66  0:83 i)  10 3 b   (1:35  0:46 i)  10 4 c
  (7:45  3:21 i)  10 5    (1:35  0:30 i)  10 6 s + : : : SM !  2:395 + 0:001 i ;eCZ = ~Z + 0:206 ~t   (1:90  0:83 i)  10 3 ~b   (1:48  0:46 i)  10 4 ~c
  (8:36  3:21 i)  10 5 ~   (1:43  0:30 i)  10 6 ~s + : : : SM ! 0 :
(2.8)
Note that the contributions from light quarks and leptons in the loop are strongly sup-
pressed, even if we allow for strongly enhanced Yukawa couplings of these fermions. Since
the decay h ! bb is the dominant Higgs decay mode in the SM, the present phenomeno-
logical information about Higgs decays from the LHC suggests that jbj = O(1), while the
Yukawa couplings of lighter fermions should not be larger than the b-quark Yukawa (see
e.g. [5, 32]). This implies j j . O(2), jcj . O(4), jsj . O(50). Similar bounds apply to
the CP-odd coecients ~f . Even if these bounds were saturated this would have a very
minor impact in the values of CZ and eCZ . In our phenomenological analysis we will use
the approximations
CZ =  2:395 + eZ ; eCZ = ~eZ ; (2.9)
where the tiny imaginary parts can be safely neglected. The coecients eZ and ~
e
Z

















Z   2:53 (W   1) + 0:135 (t   1) and ~eZ  ~Z + 0:206 ~t. The values of these two
coecients are currently not much constrained by data, because the decay h! Z has not
yet been observed at the LHC. The current limits from CMS [33] and ATLAS [34] imply
upper bounds on the decay rates of 9 and 11 times the SM value, respectively, both at 95%
condence level. The stronger bound from CMS implies the constraintreZ   2:3952 + ~eZ2 < 7:2 : (2.10)
A non-vanishing ~eZ can induce contributions to the electric dipole moments (EDMs)
of leptons and quarks, on which strong constraints exist from the measurements of the
EDMs of the electron, neutron and mercury [35, 36]. The strongest constraint arises
from the electron EDM, for which the one-loop contribution arising from ~eZ has been
calculated in [7]. The corresponding bounds are however model dependent, since they
involve the couplings of rst-generation fermions to the Higgs boson. If one assumes that
these couplings are SM like, then the current experimental bound on the electron EDM [37]
implies j~ + 0:09 ~eZ j < 0:006 at 90% condence level, but this bound can be avoided
in models in which the Higgs boson does not couple to the electron. In order to be model
independent we will not impose any EDM bound on ~eZ in our analysis.
The structure of the results for vector mesons in (2.5) is interesting. The photon-pole
diagram in gure 1 yields contributions to the transverse form factors which are formally




V , and after squaring the form factors this enhancement
more than compensates for the suppression factor rV in (2.4). By power counting these
are thus the leading contributions to the decay rates. However, these contributions are
suppressed by (=)2, and hence there is an subtle interplay of suppression factors at
work. We nd that the photon-pole diagram gives the dominant contribution to the decay
rates for light vector mesons, while it becomes subdominant for heavy vector mesons. This
was also noted in [24] but overlooked in [3, 23], where the photon-pole graph was neglected.
Contrary to the indirect contributions, which could be calculated in closed form, the
direct contributions to the decay amplitudes can only be evaluated in a power series in
(QCD=mh)
2 or (mq=mh)
2, where QCD is a hadronic scale and mq represents the masses
of the constituent quarks of a given meson. The direct contributions to the h ! MZ
decay amplitudes with a pseudoscalar or longitudinally polarized vector meson in the nal
state arise from subleading-twist projections and hence are power suppressed. This is the
main dierence with regards to h ! V  decays, for which the direct contributions to the
decay amplitudes arise at leading order [7]. We discuss the detailed structure of these
subleading-twist contributions in appendix A. For the purposes of illustration, we quote
the result obtained for a pseudoscalar nal-state meson P in the limit where 3-particle
LCDAs are neglected and where the asymptotic form P (x) = 6x(1   x) is used for the




f qP aq q
mq
m2h
(2P   3mq) 1  r
2
Z + 2rZ ln rZ

















where the parameter P = m
2
P =(mq1 +mq2) is related to the chiral condensate and governs
the normalization of the twist-3 LCDAs.1 This direct contribution is suppressed relative






h, which makes it completely
negligible. An analogous argument holds for the case of a longitudinally polarized vector
meson. For the case of a transversely polarized vector meson the direct contribution arises
from leading-twist projections. In the approximation where the asymptotic form ?V (x) =
6x(1  x) is used (the full expression is given in appendix A), we obtain
F V Z? direct =
X
q
f q?V vq q
3mq
2mV
1  r2Z + 2rZ ln rZ
(1  rZ)2 ;
eF V Z?;direct = X
q
f q?V vq ~q
3mq
2mV
1  r2Z + 2rZ ln rZ
(1  rZ)2 ;
(2.12)
which is parametrically of the same order as the indirect contribution given in (2.5). Nu-
merically, the direct contributions are nevertheless strongly suppressed (see below). In the
above expression f q?V are the avor-specic transverse decay constants of the meson, as
dened in [7].
Following [17], we take v = 245:36 GeV for the Higgs vacuum expectation value at
the electroweak scale and use s2W = 0:23126  0:00005 for the electroweak mixing angle.
To obtain the h ! MZ branching fraction we normalize the partial decay rates to the
theoretical prediction for the total Higgs width in the SM,  h = (4:080:16) MeV, referring
to the Higgs mass of mh = (125:09 0:024) GeV [39].
2.2 Hadronic input parameters
The avor-specic decay constants f qM are the only hadronic quantities entering our predic-
tions. We will assume that the heavy mesons J= and (nS) can be described as pure (cc)
and (bb) avor states, and that the 0 and 0 mesons are pure (uu  d d)=p2 avor states.
We will furthermore assume unbroken isospin symmetry, such that fu0 =  fd0  f0=
p
2
and analogously for 0. For the mesons  and 0 the contributions from up- and down-quark
avor states cancel out in the sum (in the isospin limit), and hence only the parameters f s
and f s0 are required. We adopt the FKS mixing scheme [40] and express these parameters
as f s =  fs sin' and f s0 = fs cos', where fs = (1:34  0:06) f0 and ' = (39:3  1:0).
This yields f s =  (110:7  5:5) MeV and f s0 = (135:2  6:4) MeV, where the dominant
errors are due to the uncertainty in the value of fs.





for f q and f
s
. From measurements of the leptonic decay rates V ! e+e  one can determine







f q! Qq =
p






f qQq = f
s
   fu = (223:0 1:4) MeV :
(2.13)
1Note that  = m
2

















We shall adopt a simple avor-mixing scheme for the !  system and express the physical
mass eigenstates j!i and ji in terms of the avor eigenstates j!Ii = 1p2
 juui+ jd di and
jIi = jssi by means of the rotation by an angle  (see [7] for more details). In the limit
where OZI-violating contributions are neglected, we can relate the matrix elements of the
avor-specic vector currents in (2.6) to decay constants dened in terms of analogous ma-
trix elements of the avor eigenstates j!Ii and jIi with the corresponding avor currents.
Assuming isospin symmetry, this gives
p
2 fu! = cos  f!I ; f
s
! =   sin  fI ;
p
2 fu = sin  f!I ; f
s
 = cos  fI :
(2.14)
It is now straightforward to solve relations (2.13) for f!I and fI and express the avor-
specic decay constants in terms of the measured values f!, f and the mixing angle .
We obtain
f s! =   sin 






; f s = cos 







The corresponding expressions for fu! and f
u
 are readily obtained from (2.13). Existing
estimates for the mixing angle  derived from phenomenological analyses yield   0:05 [41]
and   0:06 [42, 43]. In our analysis we use  = 0:06 0:02.
For the evaluation of the direct contributions to the transverse form factors in (2.12) we
also need the transverse decay constants f q?V of vector mesons. Following [7], we compute
them from the ratios f q? =f q = 0:72 0:04, f q?! =f q! = 0:71 0:05, f q? =f q = 0:76 0:04 for
light mesons, and f?J= =fJ= = 0:91  0:14, f?(1S)=f(1S) = 1:09  0:02, f?(2S)=f(2S) =
1:08  0:02, f?(3S)=f(3S) = 1:07  0:03 for heavy mesons, where the scale-dependent
transverse decay constants refer to the scale  = 2 GeV. We evolve these quantities to the
hard scale hZ  58:6 GeV using two-loop renormalization-group equations [7].
2.3 Structure of the form factors and sensitivity to new physics
We briey explore the structure of the form factors for a few representative cases, using
the central values for the decay constants. For the pseudoscalar mesons we nd (units
are MeV)
F 
0Z  46:1Z ; F Z  27:7Z ; F 0Z   33:8Z : (2.16)
The direct contributions to these form factors are extremely small. For the pion case, e.g.,
they yield a relative correction factor (1+2:7 10 7u+5:9 10 7d). The results for vector

















several new-physics parameters. We obtain (units are again MeV)
F 
0Z
k  41:11Z   0:98 + 0:41eZ ;
F 
0Z
?   2640 + 1102eZ + 41:11Z + 0:018d + 0:005u ;
F!Zk   7:14Z   0:29 + 0:12eZ ;
F!Z?   775:4 + 323:7eZ   7:14Z + 0:032s   0:014d + 0:004u ;
F Zk   40:41Z + 0:48  0:20eZ ;
F Z?  744:1  310:7eZ   40:41Z   0:43s   0:0007d + 0:0002u ;
F
J= Z
k  38:69Z   1:75 + 0:73eZ ;
F
J= Z
?   294:8 + 123:1eZ + 38:69Z + 1:95c ;
F
(1S)Z
k   119:63Z + 1:52  0:64eZ ;
F
(1S)Z
?  26:83  11:20eZ   119:62Z   10:47b :
(2.17)
Similar expressions are obtained for the other (nS) states. The CP-odd transverse form
factors eF V Z? are given by similar expressions as F V Z? , but with the constant terms omitted
and with the replacements Z ! 0 and eZ ! ~eZ , q ! ~q. For instance,
eF 0Z?  1102 ~eZ + 0:018 ~d + 0:005 ~u : (2.18)
In the above expressions the terms proportional to Z are the indirect contributions
involving the hZZ vertex (third graph in gure 1), while the constant terms and the pieces
proportional to eZ (~
e
Z) are the indirect contributions involving the eective hZ vertex
(fourth graph). The terms involving the q (~q) parameters of the quarks contained in the
meson V are the direct contributions from (2.12). With the exception of the bottomonium
states, we observe that the transverse form factors are much larger than the longitudinal
ones, an eect that results from the photon-pole contribution and is most pronounced for
the lightest mesons. The enhancement of the transverse form factors is suciently large
to overcome the phase-space suppression in front of these form factors in (2.4). It follows
that the h ! V Z decay rates are sensitive to the new-physics coecients eZ and ~eZ .
This will be studied in more detail in section 2.5. On the other hand, the sensitivity to
the Yukawa coupling of the light quarks (parameters q and ~q), which is induced by the
direct contributions in (2.12), is too weak to be of any relevance. It would be a good
approximation to neglect these direct contributions altogether. We will instead keep them
at their SM values.
2.4 SM branching ratios
In table 1 we show our predictions for the branching fractions of several h ! MZ decay
modes. We show the dominant theoretical uncertainties, which arise from the uncertainties
in the meson decay constants and the theoretical estimate for the total width of the Higgs
boson. The relevant decay constants are compiled in the last column of the table. In the

















Decay mode Branching ratio [10 6] Decay constant [MeV]
h! 0Z 2:30 0:01f  0:09 h 130:4 0:2
h! Z 0:83 0:08f  0:03 h f s =  110:7 5:5
h! 0Z 1:24 0:12f  0:05 h f s0 = 135:2 6:4
h! 0Z 7:19 0:09f  0:28 h 216:3 1:3
h! !Z 0:56 0:01f  0:02 h f! = 194:2 2:1 ; f s! =  13:8 4:8
h! Z 2:42 0:05f  0:09 h f = 223:0 1:4 ; f s = 230:4 2:6
h! J= Z 2:30 0:06f  0:09 h 403:3 5:1
h! (1S)Z 15:38 0:21f  0:60 h 684:4 4:6
h! (2S)Z 7:50 0:14f  0:29 h 475:8 4:3
h! (3S)Z 5:63 0:10f  0:22 h 411:3 3:7
Table 1. SM predictions for the branching ratios of the rare exclusive decays h!MZ for a variety
of pseudoscalar and vector mesons. The decay rates are normalized to the SM prediction for the
total Higgs width. The quoted errors show the uncertainties related to the decay constants and the
total width.
from the two-gluon LCDA of mesons with a avor-singlet component. For the related case
of Z ! (0) decays these eects were studied in [18] and found to be very small. The
branching ratios range from 6  10 7 for the decay h ! !Z up to 1:5  10 5 for the decay
h! (1S)Z.
Let us briey compare our results with previous computations in the literature, which
use almost identical values for the hadronic input parameters. The authors of [3] reported
the branching ratios (all in units of 10 6) Br(0Z) = 3:0, Br(Z) = 2:2, Br(0Z) = 1:2 and
Br(J= Z) = 2:2, while the authors of [23] obtained Br(J= Z) = 1:7 and Br((1S)Z) =
16. In these papers the indirect contributions to the h ! V Z modes involving the hZ
vertex have been neglected. As a result, the rate for h! 0Z decay in particular comes out
much too small. In [24], the branching ratios Br(J= Z) = 3:2 and Br((1S)Z) = 17 were
presented, whereas the authors of [25] found Br(J= Z) = 3:6 and Br((1S)Z) = 22. The
interference terms involving the two indirect contributions in these works have the opposite
sign compared to our ndings, and hence the branching fractions come out too high.
The strong suppression of the direct contributions, which contain all sensitivity to the
quark Yukawa couplings, makes the h ! MZ decay modes unsuitable for searches for
new-physics eects on the Yukawa couplings of the light quarks. Instead, the pseudoscalar
modes could serve as \standard candles", since the calculation of their decay rates yields
highly accurate, model-independent predictions, subject to electroweak corrections only.
Non-standard eects only enter via the Higgs coupling to Z bosons (as parameterized
by Z), which is constrained to be close to 1 by phenomenological analyses of the LHC
data [44]. The modes with vector mesons are sensitive to new-physics eects in the eective

















Figure 2. Allowed regions for four of the h! V Z branching ratios in the presence of new-physics
contributions to the eective hZ vertices. The parameters eZ and ~
e
Z are varied in the range
allowed by the constraint (2.10) derived from the h ! Z decay rate. The black dots show the
SM values.
2.5 Sensitivity to new physics
In gure 2 we show four of the h ! V Z branching ratios as functions of the parameters
eZ and ~
e
Z dened in (2.9), which parameterize possible new-physics contributions to
the eective hZ vertices. We vary these parameters within the range allowed by the
constraint (2.10). The lower, parabola-shaped boundaries of the shaded regions correspond
to ~eZ = 0, while the upper, straight-line boundaries are obtained when j~eZ j takes the
maximum value allowed for a given value of eZ . We only show the central values of the
branching ratios. In all cases the parametric uncertainties are below the 5% level, see
table 1. We observe that in the presence of new physics the h! V Z branching ratios can
be signicantly enhanced (or slightly reduced) compared with their SM values indicated
by the black dots. The allowed ranges are shown in table 2. By the time the rare exclusive
decays h ! V Z can be explored experimentally, it is likely that the h ! Z rate will
have been measured with high accuracy. As is evident from (2.10), this will constrain
the new-physics parameters to lie on a circle centered at eZ = 2:395 and ~
e
Z = 0. A
measurement of some of the h! V Z decay rates could help to lift some of the degeneracies
and determine eZ and j~eZ j individually. For example, the h! (1S)Z branching ratio
directly probes the value of eZ .
Let us briey comment on the prospects for probing avor-changing Higgs couplings

















Decay mode SM branching ratio [10 6] Range with new physics [10 6]
h! 0Z 7:19 0:29 1:83  53:3
h! !Z 0:56 0:02 0:06  4:56
h! Z 2:42 0:10 1:77  9:12
h! J= Z 2:30 0:11 1:59  13:1
h! (1S)Z 15:38 0:64 13:7  20:8
Table 2. Allowed ranges for the h ! V Z branching ratios in the presence of new-physics contri-
butions to the eective hZ vertices. Only central values are shown.
leading order in EW. The leading decay rates are then the ones with transversely polarized
vector mesons. For a nal-state vector meson containing the quark avors q and q0, we








 jYqq0 j2 + jYq0qj2 rZ
(1  rZ)3
 
1  r2Z + 2rZ ln rZ
2
: (2.19)
The complete expression is given in appendix A. The weakest indirect bounds on avor-
changing Higgs couplings refer to possible hbs interactions, for which the bounds derived
from Bs  Bs mixing imply jYbsj2 + jYsbj2 < 7  10 6 (at 95% condence level) [26]. Using a
typical value f?Bs  0:2 GeV for the transverse decay constant of the Bs meson, we estimate
that the h! BsZ branching fraction is bounded by




Detecting such a small branching fraction seems unimaginable at any currently envisaged
particle collider. Note that one-loop electroweak corrections in the SM can also give rise
to avor o-diagonal h ! MZ decays, where M can be either a pseudoscalar or a vector
meson. The corresponding contributions to the h ! B()s Z form factors are of order
FB
()
s Z  
4s2W
jVtbV tsj  10 4, yielding tiny branching ratios of order 4  10 13.
3 Weak radiative hadronic decays h!M+W 
The weak radiative Higgs decays into nal states containing a W boson are in many
ways similar to the h ! MZ decays just discussed. However, since the charged-current
interactions in the SM are avor changing, the nal-state meson M  (ui dj) is avor
non-diagonal and its production involves the corresponding CKM matrix element Vij . We
show the relevant Feynman diagrams in gure 3. As we will show, an interesting probe
of avor-changing Higgs couplings involving the third-generation fermions arises when the
virtual quark in the direct amplitude is a top quark and the indirect amplitude is CKM
suppressed. Before we discuss this case, we focus on a scenario where the Higgs-boson
























Figure 3. Leading-order diagrams contributing to the decays h!M+W .
3.1 Decay rates in the case of avor-diagonal Higgs couplings
In analogy with (2.1), the most general parameterization of the decay amplitudes into
pseudoscalar mesons can be written as (again with M = P; Vk)
iA  h! P+W  = gp
2v
k  "W FMW ; (3.1)
where k is the meson momentum. The W boson is longitudinally polarized in this case.
The most general parameterization of the decay amplitudes into vector mesons can be
chosen as















where q denotes the momentum of the W boson, and the longitudinal and transverse
polarization vectors have been dened in (2.3). The total decay rates are found to be







h! P+W  = m3h
32v4




h! V +W  = m3h
32v4
1=2(1; rW ; rV ) (1  rW   rV )2

F VWk 2 + 8rV rW(1  rW   rV )2
F VW? 2 +  eF VW? 2 :
(3.3)
In close similarity with (2.5), the indirect contributions to the form factors arising from
the last diagram in gure 3 are found to be
FPWindirect = W fPVij ; F
VW




1  rV =rW ;
eF VW? indirect = 0 ;
(3.4)
where Vij is the relevant CKM matrix element. The direct contributions to the form factors
are once again power suppressed and can be neglected to an excellent approximation. In
this limit, we obtain for the decay rates





3=2(1; rW ; rP ) ;





1=2(1; rW ; rV )
(1  rV =rW )2
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Decay mode Branching ratio [10 6] Decay constant [MeV]
h! +W  4:30 0:01f  0:00CKM  0:17 h 130:4 0:2
h! +W  10:92 0:15f  0:00CKM  0:43 h 207:8 1:4
h! K+W  0:33 0:00f  0:00CKM  0:01 h 156:2 0:7
h! K+W  0:56 0:03f  0:00CKM  0:02 h 203:2 5:9
h! D+W  0:56 0:03f  0:04CKM  0:02 h 204:6 5:0
h! D+W  1:04 0:12f  0:07CKM  0:04 h 278 16
h! D+s W  17:12 0:61f  0:56CKM  0:67 h 257:5 4:6
h! D+s W  25:10 1:45f  0:81CKM  0:98 h 311 9
h! B+W  (1:54 0:15f  0:36CKM  0:06 h)  10 4 186 9
h! B+W  (1:41 0:10f  0:34CKM  0:06 h)  10 4 175 6
h! B+c W  (8:21 0:57f  0:52CKM  0:32 h)  10 2 434 15
Table 3. SM predictions for the branching ratios of the rare exclusive decays h ! M+W  for a
variety of pseudoscalar and vector mesons. The decay rates are normalized to the SM prediction
for the total Higgs width. The quoted errors show the uncertainties related to the decay constants,
the relevant CKM matrix elements and the total width.
In table 3 we present our numerical predictions for the h ! M+W  branching ratios
obtained by normalizing the partial decay rates to the total width of the Higgs boson. We
set W = 1, noting that all rates are proportional to 
2
W . The last column shows the
relevant values of the decay constant. For the decay constants of the heavy mesons D(s),
B and Bc we adopt the values obtained from two recent lattice calculations [45, 46], while
all the other decay constants are taken from the recent compilation in [17]. We can again
compare our results to the ones obtained in [3], which are (in units of 10 6) Br(+W ) = 6,
Br(+W ) = 8, Br(K+W ) = 0:4, Br(D+W ) = 0:7, Br(D+W ) = 1:2, Br(D+s W ) =
21 and Br(D+s W ) = 35. We have been unable to trace the origins of the slight numerical
dierences with our results.
3.2 Eects of non-standard, avor-changing Higgs couplings
The situation changes when avor-changing Higgs couplings, which are absent in the SM,
are taken into account. Then the power-suppressed direct contributions can be enhanced
by a factor of mt, if a top quark is propagating between the Higgs and W vertices in the
rst two graphs in gure 3. Also, these contributions come with dierent CKM factors
than the indirect ones. In cases where jVij j  1, these two eects can compensate (at least
to some extent) for the power suppression of the direct contribution. For a pseudoscalar
or longitudinally polarized vector meson in the nal state, we nd (neglecting terms not


































h, M (x) is the leading-twist LCDA of the meson M , and x  1  x. For
the case of a transversely polarized vector meson, we nd instead































































rt   x  rWx ;
(3.7)
where in the last step we have used that only the Yukawa coupling involving the top quark
can be suciently large to make this contribution relevant, see section 1. In this case there
is no enhancement by the top-quark mass; however, the enhancement factor v=mV relative
to (3.6) potentially renders the rates for decays into transversely polarized vector mesons
of a similar magnitude as those into longitudinally polarized ones.
The largest eects arise for the decays involving B mesons, since in this case the CKM
matrix element Vtb  1 entering (3.6) and (3.7) is unsuppressed. In order to evaluate the
direct contributions we adopt the model for the LCDA proposed in [17], which involves a
single width parameter M . We use B = B = 0:087 and Bc = 0:305 at the low hadronic
scale 0 = 1 GeV. We then evolve the LCDA up to the hard scale hW = (m
2
h m2W )=mh 
73:4 GeV. Note that the details of the modelling of the LCDA have a very minor impact
on our results, since the integration kernel in the integrals over the LCDAs is a slowly
varying function of x. In the limit rW = 1 the integrals would be determined model-
independently by the normalization of the LCDAs. For the case of the B vector meson
we also need the ratio f?B()=fB . We take the value 1 for this ratio at the low scale 0, in
accordance with heavy-quark symmetry [47]. We then evolve this ratio up to the hard scale
hW . We can now quote our results for the branching ratios of the decays h! B()+W 
and h ! B+c W  as functions of the avor-changing Higgs couplings. We nd that the
contributions of the direct and the indirect form factor interfere constructively, in contrast
to the decays h! V . We set the o-diagonal Yukawa couplings which do not involve the
top quark to zero. We then obtain2
Br
 
h! B+W  = 1:54  10 10  2W + 427W ReYut + 45615 jYutj2 ;
Br
 
h! B+W  = 1:41  10 10 0:982W + 0:02 + 417W ReYut   27 ReYtu







= 8:21  10 8  2W + 41W ReYct + 413 jYctj2 :
(3.8)
2The branching ratio Br(h ! B+W ) has also been calculated in [5]. While we agree with their
result for the term not involving the o-diagonal Yukawa couplings, we nd large deviations in the other
terms. Adopting their notation, we nd a correction factor

0:982W + 0:02 + 7:01W Re ut  0:45 Re tu +
12:53 jutj2 + 5:89 jtuj2

with respect to the SM, where these authors obtain

2W + 26 
2




























































Figure 4. Predictions for the branching ratios Br(h! B+W ) (left) and Br(h! B+c W ) (right)
as functions of yqt = Re(Yqt). The red bands indicate the exclusion bounds from (1.3) when Ytq = 0
(dark red) and jYtqj = jYqtj (bright red).
The CKM-suppression of the indirect contributions combined with the enhancement of the
direct contributions described above leads to a strong sensitivity to the avor-changing
Higgs couplings. We demonstrate this dependence in gure 4, assuming real couplings
Yut and Yct and setting W = 1 to its SM value. The bright red band indicates the
bound from (1.3) one obtains when jYtqj = jYqtj, while the dark red band corresponds
to the assumption that Ytq = 0. In this most extreme scenario, the h ! B+W  and
h ! B+W  branching ratios can be enhanced by up to three orders of magnitude with
respect to the SM. The enhancement of the h! B+c W  branching fraction is less dramatic.
Unfortunately, even under the most optimistic assumptions the resulting rates are still
predicted to be very small. We demonstrate the full dependence of the ratios Br(h !
B+(c)W
 ) in the complex plane of Yqt in gure 5.
4 Conclusions
We have performed a detailed analysis of the rare exclusive decays h ! MV , where M
is a pseudoscalar or vector meson and V = W;Z an electroweak gauge boson. The decay
amplitudes are governed by two types of amplitude topologies. In the so-called indirect
contributions, the Higgs boson couples to the nal-state gauge boson V and a second, o-
shell gauge boson, which is then converted into the meson M . For the case of h ! MZ
decays, the o-shell boson can be either a photon or Z boson. While the hZZ coupling ex-
ists at tree level in the SM, the hZ vertex is loop induced and hence suppressed. However,
the fact that the photon propagator is almost on-shell counteracts the loop suppression.
As a result, the two diagrams are of similar importance, and we nd that (with the ex-
ception of h ! Z) they interfere destructively. The so-called direct contributions to the
decay amplitudes involve the Yukawa couplings of the valence quarks in the meson M and
are typically subdominant. We have included all three contributions in our theoretical
predictions. In the SM, we nd h ! MZ branching fractions ranging from 1:5  10 5 for
h! (1S)Z to 5:6  10 7 for h! !Z. The h!MW branching ratios contain the CKM










































Figure 5. Enhancement of the branching ratios Br(h ! B+W ) (left) and Br(h ! B+c W )
(right) over the SM prediction as functions of the couplings Yqt = yqt+ i~yqt. The red shaded regions
indicate the exclusion bounds from (1.3) when Ytq = 0 (dark red) and jYtqj = jYqtj (bright red).
The SM value is given by the black dot, while the blue dot denotes the point where the branching
ratio vanishes.
have branching fractions ranging from 2:5  10 5 for h ! DsW to 4:3  10 6 for h ! W ,
while CKM-suppressed decay modes have signicantly smaller branching ratios.
We have studied the dependence of the branching fractions on physics beyond the SM
using an eective Lagrangian, which allows for modications of the Higgs-boson couplings.
The interference pattern of the h ! MZ decay amplitudes mentioned above implies a
strong sensitivity to the eective CP-even and CP-odd hZ couplings. In combination with
a future measurement of the h! Z decay rate, this can be used to extract these couplings
up to a sign ambiguity in the CP-odd coecient. In the case of the h!MWdecay modes,
we nd an enhanced sensitivity of some of the direct contributions to avor-changing Higgs
couplings involving the top quark. The corresponding decay rates involving B mesons in
the nal state are strongly CKM suppressed in the SM, but can be signicantly enhanced
if non-vanishing Yukawa couplings Yqt and Ytq (with q = u; c) close to the current exper-
imental upper bounds are assumed. In summary, the rare exclusive Higgs-boson decays
explored here exhibit interesting sensitivities to various new-physics eects. This makes
them promising targets for precision studies at future experiments like the high-luminosity
LHC or a future 100 TeV proton-proton collider.
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A Direct contributions to the h!MZ form factors
The calculation of the direct contributions to the h ! MZ decay amplitudes is involved,
since in many cases the leading terms arise from subleading-twist projections. For pseu-
doscalar mesons, we use the light-cone projector at leading and subleading twist derived














(aqq   ivq~q)mq P (x)
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where for simplicity we omit the scale dependence of the various quantities. For avor-
diagonal nal-state mesons, the LCDAs P (x), p(x) and (x) are symmetric under
x $ (1   x), in which case only the terms proportional to aqq survive. At twist-3 order
the projector also contains three-particle LCDAs containing a quark, an anti-quark and
a gluon. Since the twist-3 LCDAs give strongly suppressed contributions to the decay
amplitudes, we will for simplicity neglect the three-particle LCDAs. This is referred to as
the Wandzura-Wilczek approximation (WWA) [50]. When this is done, the QCD equations




= 1 ; (x)

WWA
= 6x(1  x) : (A.2)
When these expressions are used along with the asymptotic form P (x) = 6x(1 x) of the
leading-twist LCDA, one recovers the approximate expressions given in (2.11).
The LCDAs of vector mesons at leading and subleading twist have been studied in great
detail in [52{54]. The corresponding momentum-space projectors were derived in [48]. The
direct contributions to the form factors F V Zk direct for a longitudinally polarized vector meson
are obtained from (A.1) by making the replacements f qP ! f qV , vq $ aq, P (x) ! V (x),


















! h(t)k (x) :
(A.3)
Here the upper (lower) signs refer to the contributions from the rst (second) diagram
in gure 1, which can be identied by the dierent denominator structures in (A.1). For
avor-diagonal nal-state mesons, the LCDAs V (x) and h
(t)
k (x) are symmetric under the
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case only the terms proportional to vqq survive. In the approximation where three-particle






= (2x  1) v(x; ) ; h0 (s)k (x; )

WWA




?V (y; )  h(t)k (y; )
i
WWA















In this approximation, the twist-3 two-particle amplitudes can be expressed in terms of the
leading-twist LCDA ?V . When the asymptotic form 
?
V (x) = 6x(1  x) is used, we nd



















For transversely polarized vector mesons, the direct contributions to the form factors
arise from leading-twist projections. We nd









































For avor-diagonal nal-state mesons, the LCDA ?V (x) is symmetric under x $ (1   x),
and hence only the terms proportional to vqq survive. When the asymptotic form 
?
V (x) =
6x(1  x) is used, one recovers the approximate expressions given in (2.12).
We nally quote the generalization of relation (2.19), valid for avor-changing decays
involving vector mesons containing dierent quark avors q and q0. At leading-twist order,
we obtain











































This expression reduces to (2.19) when the asymptotic form ?V (x) = 6x(1 x) is employed.
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